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Flexible magneto-resistive heterostructures have received a great deal of attention over the past few years
as they allow for new product paradigms that are not possible with conventional rigid substrates. While the
progress and development of systems with longitudinal magnetic anisotropy on non-planar substrates has
been remarkable, flexible magneto-resistive heterostructures with perpendicular magnetic anisotropy
(PMA) have never been studied despite the possibility to obtain additional functionality and improved
performance. To fill this gap, flexible PMA Co/Pd-based giant magneto-resistive (GMR) spin-valve stacks
were prepared by using an innovative transfer-and-bonding strategy exploiting the low adhesion of
a gold underlayer to SiO,/Si(100) substrates. The approach allows overcoming the limits of the direct
deposition on commonly used polymer substrates, whose high surface roughness and low melting
temperature could hinder the growth of complex heterostructures with perpendicular magnetic
anisotropy. The obtained PMA flexible spin-valves show a sizeable GMR ratio (~1.5%), which is not
affected by the transfer process, and a high robustness against bending as indicated by the slight change
of the magneto-resistive properties upon bending, thus allowing for their integration on curved surfaces
and the development of a novel class of advanced devices based on flexible magneto-resistive
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1 Introduction

Flexible electronic devices have received a great deal of atten-
tion over the past decades due to some key advantages with
respect to conventional rigid systems, such as light-weight,
flexibility, shapeability, wearability, and low cost.* All these
properties represent the driving force for the ever-growing
research in flexible electronics devices, starting with the fabri-
cation of the first flexible solar cell in 1960 (ref. 2) and nowadays
showing all their outstanding potentialities in many techno-
logical fields including energy, optics, sensors and information
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temperature growth processes and to the fabrication of other functional and flexible multilayer materials

storage, among others.>** Aiming to widen the domain of flex-
ible electronics, a significant effort has been recently pursued to
develop spin-related electronic devices with in-plane magnetic
anisotropy on flexible substrates.>>'*>* With respect to
conventional electronics, spintronic devices exploit electron
spin to achieve additional functionality not provided by charge
transport. Giant magneto-resistive spin-valves (GMR-SVs) and
magnetic tunneling junctions (MT]Js) are well-known examples
of spintronic elements, which has been largely investigated for
the development of advanced devices, including memories and
sensors.”® Both the structures consist of two ferromagnetic
layers separated by a non-magnetic spacer (metallic - GMR-SVs
or insulating - MTJs), in which the electrical resistance depends
on the relative orientation of the magnetization in the two
magnetic layers.”® While the first generation of such elements
relied on thin films with in-plane magnetic anisotropy, large
efforts have been recently made to develop perpendicular
magnetized spintronic components on rigid substrates featured
by an intrinsic and large uniaxial magnetic anisotropy allowing
for additional functionality as well as improved performance for
data storage/processing technologies and sensors.”””** To this
aim, [Co/X]y multilayers (where X = Pd, Pt or Ni and N the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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number of repetitions) have been extensively used as building
blocks®**¢ due to their large perpendicular magnetic anisotropy
(PMA) arising at the interface between the layers (10° to 10° ]
m %)*>%7%8 and the high tunability of the overall magnetic
properties through the modulation of layers' thickness and
number of repetitions.* Contrary to that of the free layer, the
orientation of the magnetization of the reference electrode
must be relatively insensitive to external fields. For this reason,
synthetic antiferromagnetic structures, consisting of two ferro-
magnetic layers separated by a thin non-magnetic spacer (e.g:
Ru)**** are commonly used as the reference layer. These
synthetic antiferromagnetic structures have also recently
attracted a great deal of attention for the development of novel
and advanced PMA spintronic devices exploiting the movement
of domain walls** or the displacement and the size change of
skyrmions (i.e. a topologically-protected solitons).***** Albeit the
high potential of PMA spintronic devices, no studies are re-
ported, to the best of our knowledge, on flexible magneto-
resistive heterostructures with perpendicular magnetic anisot-
ropy. Indeed, the stringent constrains needed to obtain high-
quality PMA magneto-resistive thin film multi-stacks,
requiring for a fine control of the stack properties at the sub-
nanometer level, hinder the direct deposition on the most
common flexible polymeric tapes, which are amorphous and
generally present a rougher surface and lower melting temper-
atures with respect to commonly used single-crystal rigid
substrates (e.g. Si). As an alternative to the direct deposition on
flexible tapes, transfer-and-bonding strategies, where film
stacks are firstly deposited on a rigid, thermally stable, crystal-
line and smooth substrate/layer and then transferred on flexible
tapes, might represent an effective pathway.' This strategy has
also the advantage to allow the film stacks to be transferred on
arbitrary and also unconventional substrates (e.g. paper), while
the main drawback is represented by the low surface coverage
generally achieved.

In this work, perpendicular magnetized Co/Pd-based GMR
spin-valve thin films (GMR-SVs) consisting of a [Co/Pd]y free
layer (FL) and a fully compensated [Co/Pd]y/Ru/[Co/Pd]y
synthetic antiferromagnetic reference layer (SAF-RL) separated
by a Cu spacer, were prepared for the first time on flexible
substrates by wusing an innovative transfer-and-bonding
approach exploiting the low adhesion to $iO,/Si(100)
substrates of a gold underlayer.*** The strategy is expected to
be compatible with existing micro/nano-fabrication
processes,*®** thus having a strong impact on the develop-
ment of novel flexible functional devices. Besides the great
interest of such flexible structures for many applications, such
as wearable electronics, soft robotics and biomedicine (e.g. in
vivo implants), the complexity of the structure, whose properties
are strongly affected by the quality of the interfaces, makes such
a system a perfect candidate to test and demonstrate the
potential of the proposed strategy, which might be easily
extended to other functional multilayer materials engineered at
the nanoscale, including those whose fabrication process
requires high temperature treatments that impedes the direct
deposition on flexible tapes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental details

[Pd(0.9)/Co(0.4)]4/Ru(0.4)/[Co(0.4)/Pd(0.9)]5/Co(0.4)/Cu/[Co(0.4)/
Pd(0.9)],/Pd(2.1) GMR-SV stacks (thicknesses in nanometers)
with a Cu spacer layer thickness (¢cy) of 2 and 3 nm (Fig. 1) were
deposited at room temperature by DC magnetron sputtering
(BESTEC UHV system). A Ta(10)/Pd(2.1) buffer layer was used to
favor the growth of [Co/Pd]y multilayers with a (111) texture,
which is required to obtain a large PMA.*>** A Pd(2.1) capping
layer was deposited on top to prevent the FL oxidation. The
single layers' thickness and the number of repetitions of the
[Co/Pd]y multilayers were selected on the basis of our previous
work® with the aim to ensure (i) a PMA along the full layer stack,
(ii) a strong and compensated antiferromagnetic coupling in
the SAF structure, and (iii) two stable parallel/antiparallel
magnetization configurations in the spin-valve system. A
10 nm thick weakly-adhering Au underlayer***® was interposed
between the SiO,/Si(100) substrate and the GMR-SV to favour
the transfer of the heterostructure on a flexible tape. All samples
were sputter-deposited using an Ar pressure of 3.5 pbar. The
deposition rates of each material were set to 0.067 nm s~ " (24
W-DC) for Au, 0.03 nm s~ (40 W-DC) for Ta, 0.04 nm s~ * (26 W-
DC) for Pd, 0.025 nm s~ ' (52 W-DC) for Co, and 0.03 nm s~ * (48
W-DC) for Ru. After deposition, large area thin film stacks were
easily peeled-off and transferred from the substrate to a flexible
tape by using a commercial adhesive polyester tape, 3M 396
(Fig. 2). To favor a better adhesion between the film and the tape
during the peeling process, a cellulose acetate butyrate-based

CAPPING LAYER £d
FREE LAYER [ColPd],

SPACER LAYER Cu

TOP SAF-RL

[ColPd],/Co
BOTTOM SAF-RL Ru
[ColPd],

Fig.1 Schematic sample structure of the Co/Pd-based GMR-SV stack
consisting of a [Co/Pdl4/Ru/[Co/Pd]s/Co synthetic antiferromagnet
reference layer (SAF-RL) and a [Co/Pdl, free layer separated by a Cu
spacer layer. Reference samples were directly deposited on SiO,/
Si(100) substrates, while a weakly adhering Au underlayer was inter-
posed to allow for the transfer of the stack on a flexible tape.

Nanoscale Adv., 2021, 3, 3076-3084 | 3077
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(b)

(d)

Fig. 2

(a—c) Sketch of the Au-mediated transfer-and-bonding approach: (a) perpendicular GMR-SVs are DC sputtered on a SiO,/Si(100)

substrate covered with a weakly adhering Au underlayer; (b) a cellulose paint is spread over the film surface to improve the adhesion between the
sample and the adhesive tape on which the stack is transferred by a mechanical peel-off step (c). (d) Optical photograph of a flexible

perpendicular GMR-SV (tc, = 3 nm).

paint was spread over the surface of the samples. Conventional
GMR-SVs were also prepared as reference systems by direct
deposition of the film stacks on SiO,/Si(100) substrates under
the same experimental conditions.

Room temperature magnetic properties were investigated by
using a vibrating sample magnetometer (Model 10 - Micro-
Sense) equipped with a rotating electromagnet that can supply
a maximum field of 2 T. Magneto-transport properties were
measured at room temperature employing the Van der Pauw
method® on planar, homogeneous square or rectangular
samples. Four contacts at the corners of each sample were made
on the surface by silver paste and currents in the order of 10 mA
flowing in the plane of the films (current-in-plane geometry)
were injected using a Keithley 6221 current source, while volt-
ages were measured by a Keithley 2182A nanovoltmeter.
Current-voltage characteristics were measured with four
different source-measure configurations to compensate for
asymmetries and non-idealities using a custom automatic
switching board, following the scheme of ref. 56. The homo-
geneity of our films has been widely tested by comparing
different sample sizes and spacing between the four contacts
(from 2 x 2 cm down to 2 x 2 mm). The magnetic field was
provided by a standard dipole electromagnet (GMW Associates).
For measurements under bending conditions, samples were
mounted on a semi-cylindrical plastic support with the proper
radius of curvature. Transmission electron microscopy (TEM)

3078 | Nanoscale Adv, 2021, 3, 3076-3084

analysis was performed by means of a Philips CM200 micro-
scope on cross-sectioned films. Owing to the low adhesion
between Au and SiO,, an unconventional procedure was devel-
oped to obtain thin slices for TEM analysis. GMR-SVs were first
glued to a second Si substrate and then peeled-off from the
SiO,/Si (100) wafer. This new Si substrate with the GMR-SV
firmly attached was glued between two silicon supports to
proceed with the standard procedure for TEM cross-section
preparation consisting of mechanical polishing by grinding
papers, diamond pastes and a dimple grinder. Final thinning
was carried out by an ion beam system (Gatan PIPS) using Ar
ions at 5 kv.

3 Results and discussion

The room temperature out-of-plane M/M; vs. H loops of GMR-
SVs without the Au underlayer (reference samples) are shown
in Fig. 3a and b (top panels) as a function of the Cu spacer
thickness. A three-step field-dependent magnetization response
associated to the individual sharp switching of the top layer of
the reference SAF stack (top SAF-RL), the FL and the bottom
layer of the reference SAF stack (bottom SAF-RL) is observed in
both the samples thus confirming the high reproducibility of
the fabrication process, which ensures a large PMA and smooth
interfaces to achieve the expected magnetization configuration
as a function of the external field. The corresponding magneto-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a, b, d and e) Room temperature out-of-plane field-dependent magnetization loops (M/Mg vs. H) and the corresponding magneto-
resistance response (AR/Riow vs. H) of perpendicular GMR-SVs deposited on (a and b) SiO,/Si(100) (reference samples) and (d and e) Au/SiO,/
Si(100) substrates as a function of Cu spacer thickness: (a and d) tc, = 3 nm, (b and e) tc, = 2 nm. Different colors and symbols are used to
evidence the two sweep directions of the external field (ascending red, descending blue). The sketches reported in the top panels denote the
mutual alignment of the magnetization (arrows) in the FL, top SAF-RL, and bottom SAF-RL at different points in the loop for the magnetic field
sweep from positive to negative values. (c and f) TEM bright field image of GMR-SV stacks (tc, = 3 nm) on (c) SiO,/Si (100) and (f) Au/SiO,/Si (100).
In (f) the Volmer—Weber growth mechanism of the Au underlayer results in a wavy interface with the Ta buffer layer (gold arrow and dotted line);

the ripple is then transferred to the Pd/SAF-RL (white arrow and dotted line) and the SAF-RL/Cu (blue arrow and dotted line) interfaces.

resistance curves (Fig. 3a and b, bottom panels) show the typical
behavior expected for a spin-valve system with a SAF reference
layer. The change of resistance normalized for its lowest value,
AR/Riow = (Rnhigh — Riow)/Riows shows a sudden increase in
correspondence of the first jump in the hysteresis loop (at ~0.2
mT) thus indicating that the top SAF-RL switches first. This may
be ascribed to a slightly higher magnetic anisotropy of the
bottom layer of the SAF that is directly grown on the Pd/Ta
buffer layer. The resistance sharply reduces to a low value in
correspondence of the magnetization reversal of the FL (at
~0.15 mT for ¢c, = 2 nm and ~0.35 mT for ¢c, = 3 nm). As the
absolute value of the magnetic field increases further, a small
kink is observed in the high field region corresponding to the
magneto-resistive effect within the SAF-RL. The maximum
percentage increase of the resistance, i.e. the GMR ratio of the
spin-valve stack, is ~4.5% for both the samples in line with the
data reported in the literature for magneto-resistive systems
based on Co/Pd multilayers.””*® When the film stacks are
deposited on the Au-underlayer, the main magnetic and
magneto-resistive features are maintained for ¢c, = 3 nm. The
field-dependent magnetization and magneto-resistance loops
show the same sharp reversal versus field as in the corre-
sponding reference samples and a still relevant GMR ratio of

© 2021 The Author(s). Published by the Royal Society of Chemistry

~1.5% (Fig. 3d). However, the M vs. H loop shows an increment
of the coercivity of bottom and top layers of SAF (from ~0.07 T
to ~0.11 T) and a slight reduction of the coercivity of the free-
layer (from ~0.35 mT to ~0.25 mT), which result in a narrow-
ing of the plateau in the high-resistance region of the MR
curves. When the Cu spacer thickness is reduced down to 2 nm,
a major change occurs as indicated by the appearance of an
“inverted” field-dependent magnetization loop in the region
around zero field that also manifests in a significant change of
the magnetic-resistance curve (Fig. 3e). This can be attributed
to a coupling between the FL and the top SAF-RL as evidenced by
the field-dependent resistance loops measured within the low-
field region where only the FL switches (from —0.15 to 0.15
mT) reported in Fig. S1 of the ESL}

The observed differences with respect to the reference
samples are ascribed to the specific morphology of the Au
underlayer, whose growth on SiO, follows the Volmer-Weber
mechanism, involving the nucleation and growth of islands that
coalesce when the thickness reaches a value between 10 and
15 nm.* The resulting nanogranular microstructure can lead to
surface inhomogeneity extending over the whole structure depos-
ited on top, which may affect the PMA of the Co/Pd multilayers,*>**
the interlayer exchange coupling in synthetic antiferromagnetic

Nanoscale Adv., 2021, 3, 3076-3084 | 3079
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heterostructures,” and the magneto-resistive properties of the
whole GMR spin-valve stack.®® To investigate in details the micro-
structural changes induced by the Au underlayer, TEM analysis was
performed on two identical stacks (¢c, = 3 nm) with and without
Au. Fig. 3c shows a very smooth and sharp interface between the
Ta/Pd buffer layer and the SAF obtained by direct deposition on
SiO,/Si (100) substrates, which regularity extends over the succes-
sive layers. The Cu layer is clearly visible with a uniform thickness
of about 3 nm, in perfect agreement with the nominal value. On the
contrary, in samples deposited on Au/SiO,/Si(100), the TEM image
in Fig. 3f shows the presence of adjacent Au islands, confirming the
Volmer-Weber growth resulting in a wavy surface (yellow arrow
and dotted line in Fig. 3f and S2 in the ESIf) with an estimated
amplitude and wavelength of ~1.5 nm and ~20 nm, respectively.
Although the roughness tends to be transmitted to the upper layers
(white and blue arrows and dotted lines at the buffer layer/SAF and
SAF/Cu interfaces in Fig. 3f), the ratio between the amplitude and
the wavelength associated to it is small enough that the whole
structure is overall retained. However, the presence of this rough-
ness can be a source of inhomogeneity and defects, which in turn
may locally affect the magnetic and magneto-resistive properties of
the system. In particular, it may be responsible for the reduction of
the GMR ratio® and the enhancement of the coercivity of the
bottom and top layers of the SAF as a result of an increase in
domain wall pinning.***> Moreover, it can be the source of inter-
layer magnetostatic interactions (orange-peel Néel coupling) or
a direct exchange coupling through the formation of pinholes in
the Cu spacer layer,” between the FL and the top SAF-RL, which
may explain the inverted magnetization loop for ¢, = 2 nm and
the slight reduction of the coercivity of the free layer for ¢c, = 3 nm.

Spin-valve thin film stacks with a Cu spacer thickness of
3 nm, showing the characteristic magnetic and magneto-
resistive features of perpendicular magnetized GMR-SVs with
a SAF-RL and a still relevant GMR ratio when grown on the Au
underlayer, were transferred on a flexible tape by mechanical
peel-off (Fig. 2). Despite the presence of very thin layers forming
the spinvalve thin film stacks whose thickness is as low as
0.4 nm for Co and Ru, both the magnetic and magneto-resistive
behavior remain unchanged after the peeling-off process
(Fig. 4), thus demonstrating the high robustness of the system
and the high potentiality of the proposed Au-mediated transfer-
and-bonding methodology that allows transferring complex
multilayered heterostructures on flexible tapes without sacri-
ficing their properties.

In order to explore the possibility to integrate such flexible
systems on curved surfaces, bending tests under a uniform
magnetic field were performed on flexible spin-valves with ¢¢, =
3 nm. To the best of our knowledge, the effect of bending in
perpendicular magnetized GMR-SV thin film stacks is not re-
ported in literature and here we disclose the influence of the
geometry of a bended heterostructure. When a bended GMR-SV
thin film stack with PMA is placed in a uniform magnetic field,
each region of the folded sample will experience a different
angle with the external magnetic field (Fig. S3 in the ESIT), thus
resulting in a variation of the magneto-resistance. To quantify
the geometrical effect of a folded heterostructure, samples were
glued to a plastic semi-cylindrical support with a given radius of

3080 | Nanoscale Adv, 2021, 3, 3076-3084
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Fig. 4 Flexible GMR-SVs (tc, = 3 nm). Room temperature out-of-
plane field-dependent magnetization loop (M/M; vs. H) and corre-
sponding magneto-resistive response (AR/Row vs. H). Different colors
and symbols were used for indicating the upward (red) and downward
(blue) field sweep direction. The sketches reported in the top panel
denote the mutual alignment of the magnetization (arrows) in the FL,
top SAF-RL, and bottom SAF-RL at different points in the loop for the
magnetic field sweep from positive to negative values.

0.2 0.4

curvature » = 5 mm (Fig. 5a) and Van der Pauw measurements
were performed at different bending angles 6 (°) = L x 360/2%r
ranging between 20° and 180°, where L is the distance between
the electrical contacts along the side of the sample parallel to
the bending along which the probing current is injected (Fig. S4
in the ESIt). This configuration with a fixed radius of curvature
allows measuring the effect of the angular distribution between
the magnetic field and the easy-axis while keeping constant the
strain to which the heterostructure is subjected. Representative
magneto-resistance curves for different bending angles are re-
ported in Fig. 5c and d. As compared to the planar structure, the
GMR ratio of the bended samples (hereafter called GMRg (6),
where “B” stands for “bended”) slightly decreases by ~15% of
the GMR of the flat sample for § = 180°.

To explain the observed behavior, the change of the magne-
tization loops was studied on planar samples (ie. without
bending) as a function of the angle @ between the external
applied field H and the film normal (¢ = 0° for H perpendicular to
the film plane). As shown in Fig. 6a, the characteristic three-step
behavior of perpendicular magnetized GMR-SVs with a SAF-RL is
retained up to @ = 45°, while at larger angles (¢ = 60°) the shape
of the loop significantly changes with a progressive evolution
towards a fully reversible curve at @ = 90°, corresponding to the
magnetic hard-axis of the stack. This magnetic behavior reflects
in the magneto-resistance curves measured as a function of the
angle @ (Fig. 6b), revealing that the magneto-resistive response is
almost insensitive for angles ¢ = 45°. Fig. 6c¢ indicates that the
GMR;p ratio (where “P” stands for “planar”) slowly decreases with
¢ approaching a cross-geometry configuration when the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature. (c) Evolution of the GMR ratio normalized to the value at @ = 0° as a function of the angle ®, GMRp(®)/GMRp(0), as obtained from
the curves in (b). The sketch illustrates the experimental configuration.

magnetic field is parallel to the sample surface (® = 90°), where Based on these results, the evolution of the GMR ratio as
the magneto-resistance curve significantly differs from that a function of the bending angle, GMRg(6), is modeled as the
measured at ¢ = 0°. integral of the experimental GMRp(®), where @ accounts for the

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 3076-3084 | 3081
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Fig. 7 Experimental GMRg(f) ratio (dots) normalized to the value
measured on the flat sample (# = 0°). Calculated values using egn (1)
are marked by a red line.

different angle that each portion of the sample forms with the
magnetic field due to the bending. Referring to the sketch in the
inset of Fig. 5¢ and d, the expected GMR ratio for the bended
film under the magnetic field can be interpret as the result of
the following integral:

0/2
GMR;(9) = 1 J / GMR;(P)dP 6))]
0 ) o
calculated over the whole path of the current. Fig. 7 shows the
quantitative agreement between measurements and model,
suggesting that the moderate reduction of the GMR ratio upon
bending is related to the distribution of the magnetic easy-axis
with respect to the external field. In this sense, we do not
observe major changes in the electric behavior (both resistance
and GMR ratio), confirming the robustness of such flexible PMA

spin-valves with respect to bending.

Finally, it is worth mentioning that we do not detect a major
effect of strain on the magneto-electric behaviour. Indeed, the
GMR ratio of flat samples is the same as the one measured on
the same samples at small bending angles (up to § = 20°), where
the magnetic field can be considered orthogonal to the surface
within the experimental error bar. This suggests that the level of
strain we applied, which meets the curvature of practical
applications, does not imply any significant effect on the
magneto-electric properties of our heterostructures.

4 Conclusions

In this work we demonstrated the feasibility of flexible
magneto-resistive  heterostructures  with  perpendicular
magnetic anisotropy on large-area substrates through the use of
a versatile Au-mediated transfer-and-bonding strategy. By
exploiting the weak adhesion of an Au underlayer on SiO,/
Si(100) substrates, perpendicular GMR-SVs with a GMR ratio of
~1.5%, were efficiently transfered on commercial adhesive
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tapes by mechanical peel-off while preserving the whole
magnetic and magneto-resistive properties despite the presence
of very thin layers (down to 0.4 nm) forming the spinvalve thin
film system. An improvement of the GMR ratio towards the
limit of reference samples deposited on SiO,/Si (100) substrates
is expected to be achieved by further reducing the Au surface
roughness through a fine optimization of the deposition
conditions. Magneto-resistance measurements versus bending
revealed the magneto-electric robustness of these flexible
structures, where the moderate change in the GMR ratio is
mainly ascribed to the geometrical configuration with respect to
the magnetic field rather than to a change of the electric
behavior, thus paving the way for their integration on curved
surfaces and the development of novel flexible devices requiring
perpendicular magnetic anisotropy. The results also prove the
effectiveness of the proposed Au-mediated transfer and
bonding approach, which can be easily applied to other func-
tional and flexible multilayer materials engineered at the
nanoscale, including those whose fabrication process requires
high temperature treatments that impedes the direct deposition
on flexible polymeric tapes.
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